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Background: It has been proven that magnetic resonance (MR) and ultrasound imaging are useful tools 
in the quantification of carotid atherosclerotic plaques. However, there are only a few pieces of evidence to 
illustrate the links of quantitative measurements of carotid plaques between MR and ultrasound imaging. 
This study looked to compare the quantitative measurements of carotid plaques and investigate their 
relationship between three-dimensional (3D) MR vessel wall imaging and two-dimensional (2D) ultrasound 
imaging.
Methods: Seventy-five asymptomatic elderly subjects (mean age: 73.3±5.7 years; 45 males) with carotid 
atherosclerotic plaques diagnosed by both ultrasound and MR imaging were included in this study. The 
plaque size, including the maximum wall thickness (Max WT), plaque length, and plaque area, was measured 
by 3D MR and ultrasound imaging on longitudinal and cross-sectional views. The quantitative assessments 
of carotid plaque size were compared and correlated between 3D MR and 2D ultrasound imaging.
Results: In total, the quantitative measurements of 101 plaques on longitudinal views or 44 plaques on 
cross-sectional views of both MR and ultrasound imaging were compared. The Max WT of the plaques 
(longitudinal: 2.9±0.8 vs. 2.4±0.9 mm; cross-sectional: 3.2±1.1 vs. 2.6±0.7 mm) and plaque areas (longitudinal: 
24.3±13.4 vs. 17.0±12.7 mm2; cross-sectional: 24.9±24.6 vs. 16.8±13.3 mm2) measured by MR imaging were 
found to be significantly higher than those measured by ultrasound imaging (all P<0.001). Moderate to 
strong correlations were found in Max WT, plaque area, plaque length between 3D MR and ultrasound 
imaging.
Conclusions: The quantitative measurements of carotid plaques using 3D MR and 2D ultrasound are 
significantly correlated. The plaque area and Max WT measured by 3D MR imaging are more significant 
than these parameters measured by 2D ultrasound imaging, which might be explained by the resolution of 
MR imaging and the workflow of measurements.
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Introduction

Vulnerable atherosclerotic plaques in carotid arteries 
have been shown to be closely associated with ischemic 
cerebrovascular events, such as stroke or transient ischemic 
attack (1-3). Therefore, it is vital to assess the vulnerability 
of carotid plaques before such clinical events occur. Earlier 
studies reported that morphological measurements, 
including wall thickness and plaque area, were useful 
indicators for plaque vulnerability and vascular events (4-6). 
Hence, the accurate measurement of plaque size is valuable 
for disease stratification.

Two-dimensional (2D) ultrasound imaging is considered 
to be a suitable tool for screening carotid atherosclerosis due 
to its low cost and full availability. It is well established that 
the area and thickness of a plaque measured by ultrasound 
imaging serve as useful indicators of plaque progression (5) 
and cerebrovascular events (7,8). However, the reliability 
of ultrasound imaging depends on the proficiency and 
experience of the operator, although automated edge 
detection algorithms have been developed to reduce the 
inter-operator variability of measurements (9). 

Earlier studies showed that MR imaging possessed 
excellent interscan (10-12),  interreader (13),  and  
in t rareader  (14)  reproduc ib i l i ty  in  quant i ta t ive 
measurements of carotid atherosclerotic plaques. It has 
been shown that maximum wall thickness (Max WT), which 
is measured by MR imaging, was related to cerebrovascular 
events (15). However, quantitative measurements by 2D 
traditional MR imaging might introduce overestimation 
due to low resolution, which might cause a partial volume 
effect. The recommended in-plane and through-plane 
resolutions for 2D traditional MR imaging were 0.63 and 
2 mm, respectively (16). Recently, three-dimensional (3D) 
MR imaging with more extensive longitudinal coverage and 
isotropic high spatial resolution has been proposed and used 
for assessing plaques (17-19). This imaging technique can 
minimize the partial volume effect and allow reconstruction 
with flexible orientation during post-processing, which may 
yield correct quantification of plaque size.

Different results can be achieved by measuring plaque 
size using ultrasound and MR imaging. It is vital to 
align the quantitative measurements of carotid plaques, 
including Max WT, plaque length, and plaque area 
derived from different imaging modalities, to stratify 
cardiovascular disease risk and devise treatment strategies. 
Duivenvoorden et al. proved that the measurements 
of mean wall area and mean wall thickness on MR and 

the measurements of mean wall area and intima-media 
thickness on ultrasound were in good agreement (20,21). 
Although the comparison between mean wall thickness 
on MR and intima-media thickness on ultrasound has 
been performed (20,22), the difference in measurements 
of plaque area on MR and ultrasound have seldom been 
explored. Furthermore, the quantitative measurements 
of carotid plaques were usually obtained from a cross-
sectional view on MR images, and a longitudinal view 
on ultrasound images and previous comparisons between 
MR and ultrasound were utilized on their dimension, 
which might not be comparable. There is less evidence to 
illustrate the links of quantitative measurements of carotid 
plaques between 3D MR and 2D ultrasound imaging on 
the same dimensions.

This study looked to compare the quantitative 
measurements of carotid plaques and investigate their 
relationship between 3D MR vessel wall imaging and 2D 
ultrasound imaging.

Methods

Study sample

All subjects were recruited from the community study 
“Cardiovascular Risk Of Elderly Population (CROP).” 
The purpose of the CROP study was to investigate the 
cardiovascular risk in elderly subjects (≥60 years old) 
without cardiovascular symptoms in recent 6 months 
using ultrasound and MR imaging. The present study 
included subjects with carotid plaques diagnosed by both 
ultrasound and MR imaging from CROP datasets. Clinical 
information, including age, gender, blood pressure, 
hyperlipidemia, hypertension, smoke, diabetes, and 
cardiovascular disease, was collected. The study protocol 
was supported by the local institutional review board, and 
all participants completed a written informed consent form.

Carotid ultrasound imaging

B-mode and color Doppler ultrasound imaging were 
performed for bilateral carotid arteries on a Philips iU22 
ultrasound system with the L9-3 linear array transducer. 
The thickness and area of distal common carotid plaques 
and proximal internal carotid plaques were measured from 
the longitudinal and cross-sectional views of the plaques. To 
avoid intra-sonographer variations, all carotid ultrasound 
imaging was conducted by the same sonographer. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Duivenvoorden R%5BAuthor%5D&cauthor=true&cauthor_uid=19520346
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Carotid MR imaging

All carotid arteries were imaged on a 3.0T MR scanner 
(Achieva TX, Philips Healthcare, The Netherlands) 
with a custom-designed 36-channel cerebrovascular coil 
within two weeks after ultrasound imaging. A 3D Motion-
sensitized driven-equilibrium prepared rapid gradient echo  
(MERGE) (17) sequence was acquired in coronal view for 
bilateral carotid arteries with the following parameters: 
turbo field echo (TFE), repetition time/echo time  
9.0/4.2 ms, flip angle 6°, TFE factor 90, field of view 
250×160×40 mm3, and spatial resolution 0.8×0.8×0.8 mm3. 
The scan time of MERGE was 4 minutes.

Image analysis

The longitudinal and cross-sectional views of ultrasound 
imaging were reviewed by a sonographer with 25 years’ 
experience in carotid ultrasound imaging, who was blinded 
to MR images. The Max WT, plaque length, and plaque 
area were measured manually on the frozen longitudinal 
and cross-sectional ultrasound images at the plane 
with a maximum thickness of carotid plaque in cardiac 
diastole. The plaque on ultrasound images was defined 
as a focal thickening >1.5 mm, according to Mannheim  
consensus (23), which is a widely used criterion in clinical 
settings. For carotid arteries with multiple plaques, the 
most severe plaque at each artery was chosen for analysis to 
minimize the probability of mismatch of the target plaques 
between MR and ultrasound imaging. 

The 3D MR images were reconstructed to the 
longitudinal and cross-sectional views using a multiplanar 
reconstruction algorithm before analysis with a Philips 
MR workstation (Extended MR Workspace 2.6.3.1, 
Philips Medical System, Best, Netherlands) and 3D 
CASCADE software, respectively (24). The MR image 
quality was assessed with a 4-point scale: 1= poor;  
2= marginal; 3= good; and 4= excellent (25). Slices with 
image quality <2 were excluded. For carotid arteries with 
multiple plaques, the most severe plaque was measured. 
The longitudinal views of MR images were reviewed by 
two radiologists with more than 3 years’ experience in 
cardiovascular MR imaging using an MR workstation. 
The radiologists were blinded to ultrasound imaging. 
The Max WT, plaque length, and plaque area were 
measured manually on the longitudinal views of carotid 
images for each plaque.

The 3D MR images were resliced cross-sectionally with 

2 mm slice thickness and reviewed by two radiologists 
with more than 3 years of experience in cardiovascular 
MR imaging using a custom-designed 3D CASCADE  
software (24). The radiologists were blinded to ultrasound 
images. The intra-observer and inter-observer interclass 
correlation coefficient (ICC) was 0.961 (95% CI, 0.887–
0.992) and 0.925 (95% CI, 0.626–0.985), respectively, in 
mean wall thickness measured by 3D MR imaging (24). 
The boundaries of the lumen and outer wall were outlined 
semi-automatically and adjusted on the cross-sectional 
view, which is perpendicular to the centerline of the carotid 
artery. The boundaries and auto-calculated wall thickness 
information of each cross-sectional image were recorded 
in files. Each file was uploaded to MATLAB to calculate 
plaque area, which was defined as the area of the region 
(marked by a straight line in Figure 1) from Max WT to 
a threshold of wall thickness including 1.5, 1.6, 1.7, 1.8, 
1.9, 2.0, and 2.1 mm. The plaque area was measured at the 
cross-sectional images with the Max WT of each plaque. 

Reproducibility study

Ten carotid arteries from ten subjects were randomly 
selected for the reproducibility study. Two sonographers 
reviewed the frozen longitudinal and cross-sectional 
ultrasound images separately. Two radiologists interpreted 
the longitudinal MR images separately. One sonographer 
and one radiologist respectively reviewed these ultrasound 
images and MR images again with a one-year time interval 
to minimize the memory bias.

Statistical analysis

The continuous variables were described as mean ± standard 
deviation. The Max WT, plaque length, and plaque area 
were compared between 3D MR and ultrasound images on 
the longitudinal and cross-sectional views using a Wilcoxon 
signed-rank test. Bland-Altman analysis was performed 
to determine the differences in Max WT, plaque length, 
and plaque area between the MR and ultrasound imaging. 
Spearman’s correlation was conducted to evaluate the 
correlation of the Max WT, plaque length, and plaque area 
measurements between 3D MR and ultrasound imaging. 
The inter-observer and intra-observer agreement of 
quantitative measurements on MR and ultrasound images 
were analyzed by calculating ICC and corresponding 95% 
CI. All statistical analyses were performed using SPSS 16.0 
(SSPS Inc., Chicago, IL, USA).
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Figure 1 Methodology for measuring plaque area on MR images. The common carotid artery is shown in (A), and (B) is the cross-sectional 
slice with Max WT. The area marked by a straight line in (C) is the plaque area defined as the region from Max WT to threshold wall 
thickness (threshold wall thickness =1.5 mm).
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C
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Results

In the CROP study, 200 subjects were recruited, of which 
146 subjects underwent both MR and ultrasound imaging. 
Of these 146 subjects, 6 subjects were excluded due to 
poor image quality. Of the remaining 140 subjects, 75 who 
had carotid atherosclerotic plaques diagnosed by both 
ultrasound and MR imaging were finally included in this 
study. In total, 75 subjects with acceptable image quality 
were included in the statistical analysis. The mean age of 
these 75 subjects was 73.3±5.7 years old, 45 were males, 
41 had hypertension, 12 had a history of smoking, 15 had 
diabetes, 57 had hyperlipidemia, and 13 had cardiovascular 
disease. The subjects’ clinical information is detailed in 
Table 1. In the 75 subjects, 115 plaques were found to be 

eligible for quantification of plaque size on both MR and 
ultrasound imaging.

Comparison of plaque measurements on longitudinal views 
between MR and ultrasound imaging

In total, the measurements of 101 plaques with longitudinal 
v iews on both MR and ultrasound imaging from  
70 asymptomatic subjects were compared. The Max WT 
of plaque (2.9±0.8 vs. 2.4±0.9 mm, P<0.001) and plaque 
area (24.3±13.4 vs. 17.0±12.7 mm2, P<0.001) measured by 
MR imaging were found to be significantly greater than 
those measured by ultrasound imaging. The carotid plaque 
area measured by MR imaging was approximately 1.43-
fold greater than that measured by ultrasound imaging 
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on longitudinal views. Significant correlations were found 
in Max WT (r=0.544, P<0.001), plaque area (r=0.702, 
P<0.001), and plaque length (r=0.597, P<0.001) between 
MR and ultrasound imaging. There was no significant 
difference in plaque length between MR and ultrasound 
imaging (10.4±3.8 vs. 9.8±5.5 mm, P=0.062). Bland-
Altman analyses showed that Max WT, plaque length, and 
plaque area measured by MR on longitudinal views were 
significantly larger on average with limits of agreement of 
−1.1 to 2.0 mm (Figure 2), −8.0 to 9.1 mm (Figure 3), and 
−10.9 to 25.3 mm2 (Figure 4A), respectively.

Comparison of plaque measurements on cross-sectional 
views between MR and ultrasound imaging

In the CROP study, a cross-sectional ultrasound scan was 
not routine protocol and was only conducted for some 
of the subjects who were consecutively recruited in this 
study. Hence, the measurements of 44 plaques with cross-
sectional views on both MR and ultrasound imaging from 
31 asymptomatic subjects were compared. The Max WT 
of plaque (3.2±1.1 vs. 2.6±0.7 mm, P<0.001) measured by 
MR imaging were found to be significantly higher than that 
measured by ultrasound imaging. Significant correlation 
was found in Max WT (r=0.692, P<0.001) between MR and 
ultrasound imaging. The mean plaque area of all 44 plaques 
measured by ultrasound was 16.8±13.3 mm2. In contrast, 
the plaque area measured by MR imaging was significantly 
larger than that measured by ultrasound using a WT 
threshold from 1.5 to 2.1 mm (all P<0.001, Table 2). When 
the threshold was set as 2.1 mm for wall thickness, the 
plaque area measured by MR imaging was 1.48-fold higher 
than that measured by ultrasound imaging on cross-sectional 
views. The correlation coefficients of the plaque area 
measured by MR and ultrasound increased from 0.603 to 
0.712 with the WT threshold increased from 1.5 to 2.1 mm  
(all P≤0.001, Table 2). Bland-Altman analyses showed that 
plaque area and Max WT measured by MR on cross-
sectional views were significantly larger on average 
with limits of agreement of −32.7 to 64.1 mm2 (Figure 
4B,C,D,E,F,G,H) and −0.9 to 2.2 mm (Figure 5), respectively.

Figures 6 and 7 are examples for the measurements of 
carotid plaques on longitudinal and cross-sectional views of 
2D ultrasound and 3D MR imaging.

Reproducibility

Table 3 summarizes the results of the reproducibility 

Table 1 Clinical information of study population (n=75)

Variable Mean ± SD or n (%) Range

Gender, male 45 (60.0) –

Age, years 73.3±5.7 60–86

Body mass index, kg/m2 23.8±3.0 17.3–34.2

Smoke 12 (16.0) –

Diabetes 15 (20.0) –

Hypertension 41 (54.7) –

Systolic blood pressure, 
mmHg

133.5±15.2 100–180

Diastolic blood pressure, 
mmHg

71.3±9.9 49–100

Hyperlipidemia 57 (76.0) –

Cardiovascular disease 13 (17.3) –

Figure 2 Bland-Altman analysis of Max WT measured by MR and 
ultrasound imaging on longitudinal views.

1.00 2.00 3.00 4.00 5.00
Average Max WT (MR, US)

D
iff

er
en

ce
 in

 M
ax

 W
T 

(M
R

-U
S

) 2.00

0.00

−2.00

−4.00

Figure 3 Bland-Altman analysis of plaque length measured by MR 
and ultrasound imaging on longitudinal views.
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Figure 4 Bland-Altman analysis of plaque area measured by MR and ultrasound imaging on longitudinal views (A) and cross-sectional views 
(B,C,D,E,F,G,H). The plaque area on cross-sectional MR images was automatically calculated with different thresholds, which varied from  
1.5 mm (B) to 2.1 mm (H) with an interval of 0.1 mm. 

study. In measuring carotid Max WT, plaque length, and 
plaque area on longitudinal ultrasound images, the ICCs 
for inter-observer and intra-observer agreement ranged 
from 0.961 to 0.990 and from 0.981 to 0.997, respectively. 
In measuring carotid Max WT and plaque area on cross-
sectional ultrasound images, the ICCs for inter-observer 
and intra-observer agreement were 0.894 and 0.937, and 
0.950 to 0.983, respectively. In measuring carotid Max WT, 
plaque length, and plaque area on longitudinal MR images, 
the ICCs for inter-observer and intra-observer agreement 
ranged from 0.886 to 0.965 and from 0.927 to 0.982, 
respectively.
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Figure 5 Bland-Altman analysis of Max WT measured by MR and 
ultrasound imaging on cross-sectional views.
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Table 2 Plaque area on MR using different wall thickness threshold and its association with plaque area on ultrasound

Wall thickness threshold, mm Plaque area, mm2
Correlation with ultrasound

r P

1.5 37.6±25.0 0.603 <0.001

1.6 35.6±24.9 0.622 <0.001

1.7 33.9±25.3 0.646 <0.001

1.8 32.0±25.5 0.647 <0.001

1.9 29.2±24.9 0.660 <0.001

2.0 26.8±24.4 0.687 <0.001

2.1 24.9±24.6 0.712 <0.001

Figure 6 The measurements of carotid plaques on longitudinal views of both 2D ultrasound imaging (A) and 3D MR vessel wall imaging 
(B,C). The Max WT, plaque length, and plaque area of carotid atherosclerotic plaque (white circle) on 2D ultrasound and 3D MR imaging 
were as follows: 3.1 vs. 3.6 mm, 10.1 vs. 10.5 mm, and 22.4 vs. 26.0 mm2, respectively.

CA

B

Discussion

In this study, we compared the Max WT, plaque length, 

and plaque area in carotid arteries and investigated their 

relationship between 3D MR and ultrasound imaging on 
longitudinal and cross-sectional views. We found that Max 
WT and plaque area measured by 3D MR imaging were 
significantly higher than those measured by ultrasound 
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Figure 7 The measurements of carotid plaques on cross-sectional views of both 2D ultrasound imaging (A) and 3D MR vessel wall imaging 
(B, the same slice of Figure 1). The plaque area measured by 3D MR imaging with a different threshold of plaque wall thickness (1.5 to  
2.1 mm) ranged from 33.5 to 23.5 mm2. The Max WT and plaque area of carotid atherosclerotic plaque on 2D ultrasound (white circle) and 
3D MR imaging (white arrow) were 2.6 vs. 2.8 mm and 16.1 vs. 23.5 mm2, respectively.

BA

Left

Table 3 Reproducibility of quantitatively measuring plaque size on ultrasound and MR images

Imaging measurements Inter-observer agreement, ICC (95% CI) Intra-observer agreement, ICC (95% CI)

Longitudinal ultrasound images

Max WT 0.961 (0.852–0.990) 0.981 (0.925–0.995)

Plaque length 0.990 (0.962–0.998) 0.997 (0.990–0.999)

Plaque area 0.986 (0.945–0.997) 0.992 (0.967–0.998)

Cross-sectional ultrasound images

Max WT 0.894 (0.631–0.973) 0.950 (0.814–0.987)

Plaque area 0.937 (0.767-0.984) 0.983 (0.932–0.996)

Longitudinal MR images

Max WT 0.886 (0.608–0.970) 0.970 (0.884–0.993)

Plaque length 0.891 (0.622–0.972) 0.927 (0.734–0.981)

Plaque area 0.965 (0.865–0.991) 0.982 (0.928–0.995)

imaging on both longitudinal and cross-sectional views. 
Moderate to strong correlations were found between MR 
and ultrasound imaging in measuring Max WT, plaque 
length, and plaque area.

In the present study, the Max WT and plaque area 
measured by MR imaging were more significant than those 
measured by ultrasound imaging, and the measurement 
of plaque length was similar between these two imaging 
modalities. The differences in plaque size between MR 

and ultrasound imaging might be due to the methodology 
of measurement. On 3D MR imaging, the wall thickness 
and plaque area were derived from the whole layers of the 
wall from the intima to adventitia. In contrast, ultrasound 
imaging can only confidently delineate and measure 
the thickness of intima and media in carotid arteries. 
Some investigators proposed measuring the extra-media 
thickness, but it not only consists of adventitia but also 
perivascular fat, interstitial tissue, and the venous wall (26). 
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As such, the extra-media thickness is less often measured 
by a sonographer in clinical settings. In our study, the 
plaque size measurements on ultrasound imaging did not 
include adventitia and perivascular tissues. In histology, 
the adventitia accounts for 33% of whole wall thickness in 
healthy carotid arteries, and the mean thickness of adventitia 
was 0.35±0.16 mm after adjusted for the shrinkage  
artifact (27). In the present study, the Max WT measured by 
MR imaging was 0.5 and 0.6 mm greater than that measured 
by ultrasound imaging on longitudinal and cross-sectional 
views, respectively. This overestimation might be caused 
by the low resolution of MR imaging. Duivenvoorden  
et al. demonstrated that the measurements of wall thickness 
on MR images decreased with resolution increased from 
0.65 to 0.2 mm, and the in-plane resolution might be a 
reason for the difference in measurements between MR 
and ultrasound imaging. In our study, the resolution of 
MR imaging was 0.8 mm isotropic, which might introduce 
partial volume effects and lead to the overestimation of Max 
WT. The pulse of arteries may also blur the boundaries of 
the wall during MR imaging without electrocardiogram-
gating, which may also lead to the overestimation of the 
thickness of the arterial wall. These influence factors may 
also contribute to the more extensive measurements of 
plaque area on MR imaging as compared to ultrasound 
imaging.

In the present study, the semi-automatic measurement 
algorithm of the carotid plaque area was proposed on the 
cross-sectional MR images. This study is one of the first to 
investigate the plaque area measured on MR images. In our 
study, the thresholds for the automatic algorithm of carotid 
plaque area on cross-sectional MR images were set as 1.5 
to 2.1 mm with an interval of 0.1 mm. This is because the 
intima-media thickness of carotid plaque on ultrasound 
imaging was usually thicker than 1.5 mm (28) and the Max 
WT measured on cross-sectional MR images was 0.6 mm 
greater than that measured on cross-sectional ultrasound 
images. Earlier ultrasound studies showed the carotid 
plaque area was a strong predictor for ischemic stroke (7). 
However, in carotid atherosclerosis MR imaging studies, 
the plaque area has received less attention than the Max 
WT and the area of each plaque component.

The carotid plaque area ranged from 24.9 to 37.6 mm2 
among different thresholds of wall thickness on cross-
sectional MR images in our study. An earlier correlation 
study between high-resolution MR and histopathology 
reported that the maximum carotid wall area on MR  
imaging ranged from 46.4 to 54.2 mm2 (29). Furthermore, 

our study also showed that the carotid plaque area measured 
by MR images was around 1.43-fold higher than that 
measured by ultrasound images on longitudinal views. 
When the threshold was set as 2.1 mm for wall thickness, 
the plaque area measured by MR imaging was 1.48-fold 
higher than that measured by ultrasound imaging on cross-
sectional views, which is closest to the measurements on 
the longitudinal views among all thresholds. The threshold 
of 2.1 mm yielded the strongest correlation of plaque area 
between MR and ultrasound imaging on cross-sectional 
views. In clinical settings, this threshold can be used to 
guide the automatic identification of carotid plaques on MR 
images. Considering the low variability of MR imaging, MR 
imaging might possess higher sensitivity in finding carotid 
plaques than ultrasound imaging. However, it should be 
noticed that the workflows for measuring wall thickness 
and plaque area on MR and ultrasound imaging were 
different. The measurements of plaque thickness, plaque 
length, and plaque area on ultrasound images from both 
longitudinal and cross-sectional views were conducted by an 
experienced sonographer. The measurement of Max WT 
on MR images from a cross-sectional view was acquired by 
two experienced radiologists with 3D CASCADE software, 
and the plaque area on MR images from a cross-sectional 
view was measured using a semi-automatic measurement 
algorithm based on the wall thickness. The measurements 
of Max WT, plaque length, and plaque area on MR 
images from a longitudinal view were conducted by two 
experienced radiologists. These different workflows might 
also influence the differences in quantitative measurements 
of carotid plaque between ultrasound and MR images. 
In addition, the correlation coefficients of Max WT and 
plaque area measured by 2D ultrasound and 3D MR images 
from a cross-sectional view were slightly higher than 
those from a longitudinal view. In contrast, Bland-Altman 
analyses showed that the bias and the limits of agreement of 
Max WT and plaque area measured by 2D ultrasound and 
3D MR images from a longitudinal view were smaller than 
those from a cross-sectional view. These might be caused by 
the different workflows on longitudinal and cross-sectional 
analyses.

This study has several limitations. First, the sample 
size for the analysis on cross-sectional views was smaller 
than that on longitudinal views because cross-sectional 
ultrasound scan was not routine. Larger sample sizes for the 
comparison between ultrasound and MR on cross-sectional 
views are called for in the future. Second, the clinical 
application of our threshold on MR images in checking the 
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progression of plaque has not been proved and follow-up 
studies are called for in the future. Third, the resolution 
of 3D MR imaging was 0.8 mm isotropic, which is larger 
than the standard adventitia thickness and could cause a 
partial volume effect. The difference in carotid plaque 
measurements between MR and ultrasound imaging might 
be attributed to both the adventitia thickness and the partial 
volume effect. MR imaging with higher spatial resolution 
might improve the accuracy of quantitative measurements. 
Finally, the plaque size measured by 2D ultrasound is 
heavily dependent on the orientation of the scan by the 
sonographer. Recently, 3D ultrasound imaging has been 
used to assess carotid plaques, which may enable more 
accurate quantitative assessments (30,31).

The quantitative measurements of carotid plaques 
using 3D MR and 2D ultrasound imaging are significantly 
correlated. The plaque area and Max WT measured by 
3D MR imaging are more extensive than these parameters 
measured by 2D ultrasound imaging, which might be 
explained by both the resolution of MR and the workflow of 
measurements.
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